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APPAP/VTHS FOR FFFFrTTNR A BIOREACTION 

This invention relates to a method and apparatus 
for effecting a bioreaction involving solids, liquid and 

In the chemical, pharmaceutical and mineral 
industries, there are often requirements for contacting 
gases, liquids and solids simultaneously. A typical 
requirement is for carrying out a bioreaction where there xs 
a need to supply gas. usually air or oxygen, to a reacting 
biomass in conjunction with a solid phase. Such 
gas/liquid/solid contacting usually involves the use of 
significant amounts of energy to bring the phases in contact 
and to generate interfacial area of the air or oxidant xn 
the form of bubbles. In a fermentor. for example, a 
specially designed agitator with provision for air or oxygen 
injection is often used. In the mineral industry, where it 
IS desired, for example, to leach or react a sulfide- 
containing ore with oxygen through the agency of an aerobic 
biomass. other methods have been used such as -elastomeric 
diaphragms or porous plate distributors in conjunction wxth 
an agitator or stirrer to achieve the transfer of air or 
oxygen into the liquid phase. Once in solution, the bxomass 
makes use of the oxygen in effecting the necessary 
metallurgical reaction or oxidation. In either of the above 
systems or methods, the demands for air/oxygen transfer are 
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Where the solids concentration in 

rr - - - pe^c.. i. 

thlr. is «tre.e difficult, 1. tra»sferrx«8 th. 

d. sir.d ,«..t.taes „.pr.s.lo.-. I. "her 

e. ,endiMre» for agitation or ga P „.trlcted 
instance., t.a t.anafar o "J 

dae to the lev ^'/^ ,,,3. x..lt.tl.n,. . 

and the li,uld J";^;",^ „.ca.3ar, hat 

,,,har driving „ ,Ke available 

this lead, to a. li tie > ' .„,ne.tl,. th. 

oxjgen being applied to the pro tran.f.r of 
operating aco.o.lc. hinge on the 

„,gen. .hethar fro. »' 

ozTgen to a large seal „„,ni..d in the 

.concic proble.a. It ..tjectlng th. biomasa 

art that care .«at be taken ..verelj 

„ an, sever, t.rh.l.nce or ' ,,,1 " 

da..g. the r 'ic tb "fore, to eappU 

Tt has been common practice, 
process. It nas oe „„-roers or bubble 

throuBh submerged spargers 
oxygen (or air) througn ^^^ely gentle, non- 

diffusers and to provide only relatively 
damaging stirring to the biomass ^^^^^^^^^ 

Ve have now found that v y ^^^^ ^^^^^^^ 

.east some l ification process which 

.^proved ef icxency utUi - 8^ ,,,,..ence 

, Xves -^J^-^; ,,,,ess itself has 

and shear. The gasxrics obtainable 

anhatantlall, '""/^rl . to « tLr advantages la 

conventionalll and also gives rise t 

.th. bioreaetlo. proc... Itself. ia,.„tlon. 

according to on. "/^ //^^^/.^.^..otlon which 
there 1. Provided a .ethod of containing a 

co.pri.es ga.lf,lng ' ^^^^ P-c^. 
micro-organism to enable the 
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4^1 «H*i-ure in a reaction vessel and 
comprises pl.cl»6 th. sUi '^«°" ^" deluding . 

circulating th. .Ixtur. .r.»d . * leLt the 

cci„., 1. Which ... tr„.r.r - « 
T''VT^!:::TLZ r. "u, .hich strea.(s, 

form of at leasi. wu*^ ^ ^ 4« iPast in an upper 

" rt::: ::irr. — ^^^^^^^^^ - 

region of the column, = m the liquid extending 

°' ^^ThrrttrtTrrsir.^^^^^^^^^^^^ r::iJ. t. 

.cr... the entire cro i„„i.i»S .tre..(.) 

,l.le« asltetlo. " '"f^ ..... th. 

°\'X\f'tV:TZZ,s, .« U,«ld ..d th. rate .« 

::rr::"ti:;o: the ... hem, ao«ici.at t. pr.,..t ... 
'""-^"'r:— ::.r:rr;a.ar.t.s 
.„.cti.g r:i:::.ctio. sa.1...;^-^^^^^^^^^^^^^^^^^^ 
- - — r., .t 

„.ctl.. ^'';;X,l°:^Z ^^rol^. .hlch the .ixtar. can h. 
le.st o»e reaction loop . col«»ni -eans 

clrcnlated, the loop '-l"""/ „p th. 

,or introdnclng at leaat ^'^^ ^ .^^ for 

coln.« 1. the for. of at Last ^^^^ 

iatrod.clng gas 1"° ' „eatlon and 

Ltrodnclng ...na 'a^t " '° ' . 

„.l.„n..c. of th. t a U,.ld/.ollda 

1. th. ».thod of the mve i,i„„.ctlons. 

.l«.re 1. g..«»^. I» r^rr-Iaerohlc proc... i. 
.h. .as -111 contain oxnen Vhe a. ^^^^^^ ^ 

to he carried out. the gas -lU « ai.,olv.d ox,ga. 

„„.e„-contalnlng gas can a n e t r 

the „.crih.d m .... 

"rsrsr,: h a t .chlng. ar. incorporated herein 
p.tent no. 1596738, .ho. ^ .^je for 

" "*"r";ir' p tee. antlall, ln,ol,ea ..r.ln. a 
further details. The procBs 
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continuous highly agitated turbulent foam of the 
liquid/solids biomass reaction fixture in the column. 
Within the foa.. the bubbles move in all directions and the 
renoLa of dispersion, dissolution and coalescence occur 
simultaneously and continuously. As a result, there is 
highly efficient transfer of gas. eg oxygen, xnto the 
nignij B 1.4 J- Ideal for the purposes of 

liquid/solids mixture, which is ideal ror t p f 

^r«n9fe^ process in which a combination 

the vertical .xle .£ the c.l.«n 1. Thl. techx. «. 

.ISO he used i» the pre.ent i.ve.ti.n. ..d the 
^ a B IC e,eclflc.tlo. 21776J8A .re incerp.r.t.d herein 
irrHrre!;.: ^JI. tech.U». i. P.rtic.l.rX, .ee.ul .her. 

p.re oxygen (.» o„o.ed to " ""'-^^...i^ into . 

These column t.chnHn.s for introdocxng g. 

llUd to fierce tnrh.lence end sheer. Hxtherto. such 
4«ion. h.« hee. carefully avoided by those practxexng 

h.canse thes. ^:^::z ::::::: 

,„tic«larly in /.v. o»nd that, over.ll. at 

c.ref.1 handling. Ho.ever. « ' ,.i„„i.„sl, 

least so»e bloreactiona are not at all «« 

Lfected hnt rather are ! ;rore 

enhanceaent derives not aar.ly fro. th. greatly P 

... tranafar .hich the column techni,.. 

Tro. the tnrhalence and shear theaselves ^^J^^^^^ 

e«.ple. .. have found that one 

■hear la to hreak do.n any doape in the bioaass, thus 
. reaa'ln the exposed surface area 

.o.erln. the viscosity of -^^^X;^ f„trha dear 
features are advantageous. Other aavanx: g 
from the description following. 
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I„ the .ethod .£ tie I.ventlo.. the ll,«id/..lt4s 
„actio. .i«.re is circulated .r...d . LoP c.«.lhl.g a 
..s-tranefer ccl..n. There can *. o.e or '"'J^^" 
Lpendin. .a -h.t ia re,.ir.d. each loop » 
trenafer c.l«.n. «.r..UT. the .Ixt.re irtll be pu.p.d 
Id a loop 1. order t. achi.,. - J .^^^ 

nozzle.) the high velocity aecea.arT to generate 

"'""i. the .ethod ot the Inveatl.a. the do.a£lo. 

— "pt:: n: ::p:rro.;"i:t.:rera: ::.t at 

integral part of the pump y accelerated , 

the liquid and solids in the slurry are acc 
r^r/ple 'through a aozale or set aozzle. a parallel, 
the acceleration and veloclt, a » n« '« 
into bubbles vhlch are concentrated into 
li,uid bubble phaae beneath the nozzle 

Thi. use oJ hjdr.ulic energy and turbulence, 
together Jth the concentration of bubbles --a a co 
.r'ovides a high interracial .he 

"'"To\r:hr:rtToz le s rlre pr.aent) to the 
area ratio of tne xnxeu ^4: ^ i-n 10. and 

.0., the colcn ^te'tSr hould be'ia the 

the velocity in the maxn body of the co 
„ «f 0 1 to 0.35 meters per second. 

" ; ,uid no. i. praterabl, induced b, a. « .1 
« «r an Archimedian screw pump or other 
flow propeller pump or an Arc ^^^^^^^ ^^^^ 

type of punp. integral or separate 

Without a downstream nozzle zone to promote further 

turbulence introduced into the vessel either 

If the vessel or beneath the nozzle(s) or in an 
. in the neck of the ^""^ nozzle(s). for 

external pump situation above the inle 
example at a ratio of 0.01 to 1 volume of gas 
liquid flowing. 



- 6 - 



An extended pipeline loop or other .rr.«ge.e.t can 
.4,.ntageonsl, be provided e.cl. th.t the 
preeanre .t the point of Intr.d.ctlo. of .xr or »" ^= 
than the at.oepherlc pres.ara. therehy ..piratin, the air 
gaa without recarae to a compte.aor. The point of 

ntroductio. for ... ..7 h. .bo« (.htch i. /^^^^ 
.a.s traaafar) or h.lo. the orifice plate. P""*/^ 
hxdroatatlc preaa.re 1. helo. that of the aah lent r 
aad that the area of pipe for gaa introduction is ' 
.^11 compared .ith the are. of the li,-id plpeliue at thl. 

1 e not greater than 1/4 of the area. On a axapla 
:r.;t:;:-ra:io\aais. UP to 1/S Of the voluaetrlc flo. 
rata of liquid be aspirated bj thl. method. 

m the aethod of the invention, there can he but a 

single .icro-organls. in the reaction .ixture. More 
single jyj,, ,4 „lcro 

usually, however, there viii o. 

organis. present and a aired culture la foraed. in 
alcro-orgaaism maj predominate. 

in pumped loop configurations, the use of a 
dcnflo. gas-tranafar coluan and relativel, high turbulence 

dbubblt density enables the bioreaction to proce, at 
diaaolved orygen levels a. lo. aa 0.5 to ^ ^„ 

general the erperlence in the ind.atr, i. that at l.a.t 
2 5 ag/l is necessary for bloreactio. to 

,. fall off belov thia level. Uu St sl 

-gLtrafrt: ^ 

Bio-Jydrometallurgy S^-P"^- this is 

.elo. 1 m./l maaa transfer » - " 

due to the lerger boundary layer ano ...nsfer in 

through Clump, of material that 
. conventional systems. The benefit of being a e i. 
eccordance with the present invention, to operate 

everall dissolved oryge. '.^'^.ped 

t- ^ i^T'-ivinc force tnrougn xae yuiuF 

t. 0.6 mg/1 is that the ^ „ to 

Icop arrangement caa be higher via. «. g' 
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the column and say 10 mg/l at the discharge. Thus, the 
driving force over the column can be some 25 to 30 percent 
higher than that obtainable for a mixed tank dissolved 
oxygen concentration of 2 to 2.5 mg/l. The amount of oxygen 
transferred is the product of this concentration difference 
times the volumetric flow rate through the column. This 
near-saturated liquor is then returned to the tank and 
rapidly mixed with the bulk contents without wastage of the 
dissolved oxygen. A key feature of the downflow method of 
contacting is that the hydrostatic head can be used to 
advantage, increasing the driving force for dissolution of 
oxygen with depth down the column. 

Among the many bioreaction processes in which the 
present invention can be used, one of the most important is 
bioleaching. Among such processes are those where the ore 
is sulfide-containing such as iron pyrite, arseno-pyrxte or 
another combined sulfide, and the aim is to recover or 
liberate gold, silver or platinum group metals, copper, 
nickel, cobalt, manganese, iron, zinc or lead, using a 
bacterium such as. for example. Thiobacillus ,f erro-oxidans . 
Another important area of application is the use of such 
bacteria for desulfurizing coal where the fuel source of the 
bacteria is the sulfur and no significant metals are 
present. We have found that in bioleaching processes, the 
bioleaching performance and oxygen uptake are clearly 
enhanced due to the high turbulence obtained in the column. 
The ability to work with high turbulence and shear 
conditions is contrary to the general teaching in the 
literature. There has been significant questioning of the 
ability of the bacteria to survive high shear conditions and 
potential attrition with high pulp density slurries. We 
have found that, at high pump density (30% w/w) and at 
relatively high shear, cell disruption does not appear to be 
a problem. On the contrary, we believe that the limitation 
to mass transfer that occurs in other systems is avoided. 
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a„lo»erate. and the dumping behavior of P-^-;^";;;"°^ 

the column. This mechanism leads to a higher 
occur xn „tes and avoidance 

specific surface area, faster re ^ ^„ ^ « sulfur. 

l».r.t»re. Car. 2\ ^ ,...,e.e..sl, 

r;r ; -:/roVo"p P«ce« ---"^^^^^^^^^^^^^^^ • 

.£flcl..c, ..J b. only " » „. 
are oKt. Labi. o. a. o^.rall " ^ „.„ „j 

r.l...ed into the .aia taak '^''^^ „t 

..all. r.Utlvelr ^^'^ .„ re.ida.l 
taal aad .till ha,. ,„th.r..r.. « 

„„.a o„ -'-^ "r::. .«i-e.c, 

oxygen rather than air is P ' ^qO percent, 

.tilisation can he considers ly ^^J^J 
the latter being achievable for lower op 
velocities within the specified range. 

The loop (or loops) employed in 

1.* located within or outside the 
present invention can be located ^^^^^^^ 

T ^««i-a4nlna the biomass. wnere 
reaction vessel ^ .aint.aa.c. is Lproved 

c.l... aad P.«Pe. '°!' " ^ ao distributor sj.te. t. £.»! 
slgalfitaatlj since there is oo 
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and no need for personnel to enter the tank to carry out 
maintenance. This is a particular benefit of the system 
because maintenance personnel require breathing apparatus 
and settled solids are not easily handled or pumped. Such 
bioreactions generally lead to the formation of gelatinous 
products vhich can foul surfaces and stick to distributors, 
reducing their performance or completely block the» in 
relatively short periods of time. By contrast, the reactor 
loop situation has sufficient flow rate and large clearances 
leading to much less maintenance requirement. 

Another important advantage provided by the use of 
a pumped loop is the facility of injecting nutrients and/or 
inoculant directly into the column. This is ideal as xt .s 
a region of high oxygen uptake and mixing, and both 
nutrients and inoculant may be rapidly mixed and 
in the main tank through this method. Another consxderation 
here is often bacteria, especially ThiobMillu^ 
nxidans . require carbon dioxide for cellular grovth. and 
again COo Is advantageously introduced at this point. 

Since a relatively high quantity of liquid passes 
around the pumped loop configuration, natural stirring of 
the tank can be achieved by appropriate direction of the 
returned liquor. This minimises the power requirements for 
conventional stirrers or can indeed replace them xn thexr 
entirety. invention (illustrated 

and described hereafter in Figures 4.5.9 and ^0 ofj:he 
accompanying drawings), the or each column is within the 
reaction vessel and is constituted by a chamber formed 
adjacent a wall of the vessel. This arrangement can provxde 
certain economies in capital plant expenditure. The reac ion 
mixture from the main vessel is flowed in a loop. x.e. xnto 
the top of the annular chamber and therein oxygenated as in 
a coluL, an. then from the base of the annular chamber back 
into the reaction vessel. 
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0,.r.ll the method of the iarentioa results i« 
„4.ctlon o£ enetg, for c.pressi.. ef elr or 
stlrrLg of U,.ld and for transfer of necessary ox,... and 
carbon dioxide Cor other gas(e.)) l.to the "'>••••• 
Furthermore, heat transfer is Improved due to k^'"" 
velocities vlthl. the .rat... and the column itself ..T he 
used as an external source of heat loss directly fro. its 
sHll or hy provision of coils or cooling ,.c.ets Bacteria 

such as TSi.^ ^^^^-^rsrorr.:.' a rates of 
temperature, in the region of 35 to 38 «n ^„,„„, 
hioleaching are maximised. The ehility to cl-'l^ ""'"^ 
the temperature can optimise this reaction rate. 
consideration in the co.troUahility of this typ. o P ce a 
is that each pumped loop arrangement. » ""J'- f 
e numher on each tank, can he apeclflcally tu..d to the 
re,uirem..ts of each tank i. a chain of t.nk reactors 
Thus. sdjust..nts can easily he m.de to oxyga. uptake, 
csrho. dioxide supply, inoculsnt 

addition, etc. to s.tl.f, the changing requirements of the 
process l.d .eat the altered conditions of ionic strength 

/Pe3. level), viscosity, ^^l-^rZ^Vv^.^n,. 
reaction proceeds. Porthermore. high turndovn is p 
sad startup and shutdown of the over.U system xs 

''■'""''ihe method of the invention cs. he applied to a 

variety of situation. ..d different pulp 

Provided the slurry «. he pu-pad satisfactorily, he 

1. »«j f^T efficient introduction oi 
mechanism can le used for etticieni 

TKia Is not the case with 
air/oxygen or other gases. This is not 
«irred'tank reactor, where energy requirements increase 
dr...tically .ith solids pulp density and lead to a 
•.ignificant reduction in h,a and oxygen transfer rstes. 

Projections using the equations developed hy Liu 
et ^ (^) ia"cate that for .i.ilar power input, to -r 
;;p«imental condition., h^,. value, are p.rticul.rly lo.. 
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the region of 0.002 sec'l. By contrast, ve have measured 
kTa values some 50 to 100 fold times these values in the 
region of 0.1 to 0.3 sec"! ^^en operating at 30Z pulp 
density. The ability to transfer oxygen into solution and 
thence to the solids surfaces and the bacteria is directly 
proportional to this volumetric mass transfer value. 

Because the column concept provides a fully 
flooded, dovnflow bubbling mode of operation and minimised 
use of air. the gases (nitrogen) vented from the tank are 
minimised, and foaming and froth formation is avoided or 
minimised together with the exhaust gas handling requirement 

on an overall plant. 

A number of processes are reported in the prior 
art for using bacteria for leaching. Thiobarlllus ferro - 
oxidans has been applied successfully on sulfides of copper 
;;7;;;;nium and operates ideally at pH 1 to 2 at 35 C and at 
relatively low dissolved oxygen concentrations of around 1 
to 2 mg/1. It also requires CO2 for propagation of the 
cellular carbon. The mechanism is one of direct oxidation 
with TK-inWillus fprro-oxidans generating ferric sulfate 
solution at the low pH. The uranium is solubilized by the 
ferric ions which are generated as a by-product from pyrite 
oxidation. The mechanism is similar for chalcopyrite . 

Nickel, molybdenum, and cobalt, present as their 
sulfides can also be effectively solubilized by these 
bacteria by such a direct oxidation reaction route. On the 
other hand, gold, silver and platinum group metals, whxch 
are often encapsulated In a pyritic lattice, for example, in 
low grade or so-called "refractory ores", can be recovered 
indirectly by attacking the pyritic lattice with such a 
bacteria. Only partial leaching of this pyrite can result 
in the liberation of the precious metal for subsequent 
recovery by conventional techniques, e.g. cyanide leachxng. 

In the case of desulfurization of coal, 
T..»s..-tllus f erro-oxidans has been found to be particularly 
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successful in treating the pyritic sulfide or inorganic 
sulfide component in the coal, and other techniques are 
being developed for treatment of the organic sulfur 
content . 

In addition to Th<nbacillv« f «>rro-oxidans. other 
bacteria may be used for such mineral bioleaching 
operations. One. in particular, is Sulfolobus (such as 
Rulfnlobus ar-tdocaldaritts ) which is thermophilic and 
operates at temperatures in the region of 65 to 70»C. 

For coal desulfurization, Sulfolobus, is a 
potentially valuable strain of bacteria, since working at 
higher temperatures, it might be expected to operate at 
faster rates. For this purpose, the pumped loop 
arrangement of the present invention, operated in 
conjunction with a relatively deep tank for higher 
hydrostatic head, is particularly advantageous with air or 
oxygen. For such a system at 70'C. using atmospheric air 
and a 20 m deep tank, in excess of 60 percent of the oxygen 
can be utilized up to 90 to 95 percent of the pyritic sulfur 
removed in a five to seven day period. Similar results 
apply for these bacteria on refractory gold ores where over 
90% gold recovery can be achieved by operation with a pumped 
loop aeration of the invention system in as little as two to 
three days. 

In the bioleaching of low-grade refractory gold 
ores containing 2 percent pyritic sulfur, over 90 percent 
recovery of gold can be achieved (at 0.18 troy ounces 
Au/tonne) by oxidizing only 40 to 50 percent of the total 
sulfur. Using oxygen and Thiohacillus f erro-oxidans with 30 
percent solids density slurry, this can be achieved in three 
stages of reaction over a total period of 40 hours. Oxygen 
utilization is in excess of 90 percent using two pumped 
loops per tank each at 1.5m3/s and discharging into the base 
of 20 m deep tanks. Each column is 3 m diameter and 3 m 
high and can transfer up to 50 mg/1 oxygen differential 
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across it. Operating power for oxygenation is less than 350 

kW for the total installation. 

Other applications of the system of the invention 

include biodegradation of hazardous wastes and activated 

sludge or effluent treatment where pulp densities are in the 

region of 5% w/w and mixed aerobic bacteria are present. 

Such processes can benefit by the efficiency of transfer of 

oxygen or the lower power requirements. 

Also, the pumped loop bioreactor arrangement of 

the present invention can be employed in the fermentation 
field. Fermentation of glucose using Tnnthamonas campestrxs 
microbes to yield xanthum gum. a polysaccharide, is one such 
fermentation. Due to the non-Newtonian behaviour of the 
broth, it is difficult to transfer oxygen to the bioculture 
without considerable power inputs when using a sparged, 
stirred tank fermentor. For viscous cultures such as this, 
high shear is essential for efficient transfer of the 
oxygen. This feature can be provided most satisfactorxly by 
the pumped loop arrangement of the invention. Recirculatxon 
rate can be selected to ensure the tank contents are well 
»ixed and oxygen or air applied to match the biological 

uptake rate. 

In order that the invention may be more fully 
understood, reference is made to the accompanying drawings 

in which: ^ - 

FIGURE lA is a schematic vertical sectional vxew 

of one arrangement for carrying out the method of the 
invention, with an external column; 

FIGURE IB is similar to Figure lA but with an 

internal column; .^i,«»«tic 
FIGURES 2A and 2B show the column in schematxc 

vertical section with alternative air entries; 

FIGURE 3 is a vertical section of the top of the 
column also showing an optional pump arrangement; 

FIGURES A and 5 are schematic vertical sectxonal 
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views of alternative tank/column arrangements for carrying 
out the method of the invention. 

FIGURE 6 is a schematic vertical sectional view of 
another tank/column arrangement according to the present 
invention; 

FIGURE 7 is a simplified top plan view of the 

column of Fig. 6; 

FIGURE 8 is a schematic vertical sectional view of 

a tank/column arrangement similar to that in Fig. 6; 

FIGURE 9 is a schematic vertical sectional view of 
another tank/column arrangement for carrying out the method 

of the invention; and 

FIGURE 10 is a schematic top plan view (on reduced 

scale) of the arrangement of Figure 9. 

The engineering problems associated with providing 
a three-phase system (gas, liquid and solid) for handling a 
mineral slurry are significant. Conventional chemical 
engineering approaches such as packed towers or columns or . 
spray contactors in addition to the stirred tank reactor 
approach mentioned earlier, suffer severe shortcomings due 
to blockage, plugging, or general loss of performance in the 
presence of high solids loadings. The present application, 
however, describes a method for such three-phase contacting 
which is applied to bioreactor design. 

Referring to Fig. lA of the drawings, there is 
shown a main reaction vessel 1 which contains .the 
liquid/solids reaction mixture 10. At or near the bottom of 
the tank is an outlet pipe 11 connecting to a pump 12. From 
pump 12. pipe 3 connects to the top of a column 4. An axr 
supply is provided along line 8 from compressor 5 to mix 
with the liquid/solids mixture prior to entry into the 
column 4. From the bottom of the column, the treated 
reaction mixture is returned to vessel 1 through pipeline 13 

which includes a valve 6. 

The arrangement shown in Fig. IB is generally 
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similar, and like numerals indicate like parts to Fig. lA. 
Eovever, in Fig. IB, the column 4 is inside the vessel 1. 
Pump 2 can he inside vessel 1 or (as shown in phantom) 
outside vessel 1. In hoth cases, the pump draws 
liquid/solids from tank 1 and delivers it via pipeline 3 to 
the top of column 4. Two alternative gas supply 
arrangements are shown in Fig. IB. One is the same as in 
Fig. lA, i.e. supply of gas to the liquid/solids before 
entry into the column, and the other (in phantom) shows 
supply of gas via line 9 into the column at about the top 
level 15 of the liquid/solids contents in the column. In 
Fig. IB, the low end 16 of the column 4 is open. 

In both Figures, the loop is constituted by the 
flow path from vessel 1 via the pump 2 to the top of column 
4, down through the column and out into the vessel 1. 

Within the column 4 (in both figures lA and IB), 
the hydraulic energy of the flowing fluid is preferably 
utilized through a nozzle arrangement (not shown in Figs lA 
and IB) operated in downflow configuration for inducing 
turbulence and shearing up gas into bubbles. By appropriate 
selection of the nozzle(s) geometry in relation to the main 
body of the column, improved gas-liquid mass transfer 
coefficients and substantial Interfaclal areas can be 
achieved for less power than in a stirred tank reactor or 
column using a high pressure drop diffuser. The column 4 
can be operated under a wide range of pressures, from 
atmospheric to above, using either the hydrostatic head 
availability in the tank and/or the resistance to backflow 
generated by a pressure reducing valve. Significant amounts 
of gas (air/oxygen) can be dissolved, even in the presence 
•of solids. Solids loadings in the region of 1% to 50% w/w 
have been evaluated and are viable. 

The liquid is accelerated through the entrance 
passageway or nozzle(s) which is preferably so configured to 
provide fairly precise relationships between the liquid 



- 16 - 



,.l,cltj in th. body .t tie c.luM. lurtrienc. xs g 

or gas to liqoitt rai^io ^^^nressor 5 as shown 

« h-iPher pressure source, such as a compressor 

irr.: ... ....x. o. ^^^^^^^^^^^^^^ 

Th. col... its.l£ ..T 1.. OP'""* " 

.r^thi. th. ta... Ut.ra.ti,.l,. t.. p..ssur. 
'ithln th. cola., caa h. lacr.aa.d ah„. 
pr..a.r. and/or th. hydrostatic pr.ssur. of 
:i.t.. of a .pacial r.at.ictioa '/^ 

„.th.d develops hxgh i"""""' . solati.a, 

liquid, rapid mass traaster of gas 

„d e,aiUbri.« or a.ar atthod, 
i. a r.l.ti,.l, short " J".Lrr, a.d the 

are possible for promoting th. liov oi 
mtrldaction of th. gas. bat the principal e.erg, 
consideration is that significant ,aantitie. of gas can 
dissolved for r.lativ.l, lo. bydra.lic ^"'^^^l flo. 
n.,ligibl. g.. comprsssion r.,uirea.nts n axi 1 fU 
eropell.r pn.p 2 provides a convenient, high-.f fici.ncT 
::Z: o* :ro:iding th. Mraauc bead ri.. n.c-^^^^^^ t^ 

„„come the no.aleCs) - ,,.h 

frictional resistance, yet is capanxe 
olids loading. T.t anoth.r m.thod of achi.vi.g tb 
flow, bat rolativelj lo. bjdra.lic head, .ith .fticac, 
th. Archinedea type screw pa«p. 



- 17 - 



A preferred feature of the design Is that the 
ratio of the velocity through the nozaleCs) to the velocity 
in the body of the column downstream should be high, eg. of 
the order of 10:1. The velocity in the body of the column 
should generally be in the region of 0.1 to 0.35 meters per 
second for optimal contacting. The main body of the column 
should preferably be parallel sided, although a very slight 
expansion or contraction of the flow area is not deleterious 
within the above velocity and expansion ratios. The body of 
the column would not typically be less than one to two 
meters in most applications, and in certain instances 
greater column lengths will provide better gas utilization 
and approach to equilibrium. 

The discharge through the pipeline or base of the 
column may be so designed that the velocity of discharge can 
be used for mixing the total contents of the tank or 
bioreactor into which it discharges. This pumped loop may 
therefore be used as a means of keeping gas/liquid 
concentrations even and mixed throughout the bioreactor 
(tank) as well as particulates, i.e. solids, in suspension. 
In some bioreactors. the gas absorbed may be air or oxygen 
or carbon dioxide or nitrogen alone or in a combination, 
depending on the requirements of the appropriate biomass. 

Typical gas/liquid ratios depend on the solids 
concentration and the proportion of dissolved gas required. 
Typical gas-to-liquid ratios would be in the region of. for 
example, 0.01:1.0 volumes of gas per volume of flowing 
liquid. If it is desired to provide oxygen directly to a 
biomass. this may be achieved by supplying bulk oxygen, in 
which case substantially all of the gas can be taken into 
solution in the column or gas contacting vessel. Where the 
oxygen is supplied from an air source, not all the gas can 
be taken into solution and bubbles, principally of nitrogen 
with some unabsorbed oxygen, will exit the column into the 
tank or bioreactor. 
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It has been found that it is not always necessary 
to use a compressor to introduce the gas into the liquid/ 
solids mixture. Figures 2A and 2B illustrate embodiments 
where no compressor is used. Fig. 2A shows part of main 
reaction vessel 1, with an outlet 20 connected to pump 2. 
From pump 2, line 3 connects in a looped region 24 to the 
top of column A. The column is shown in slightly more 
detail than in Figs. lA and IB. and includes a nozzle plate 
21. From the bottom of column A pipeline 13 returns to 
vessel 1. The level 22 of liquid/solids 10 in vessel 1 is 
also shown. 

In the arrangement of Fig. 2A, atmospheric air is 
aspirated via pipe 23. Pipe 23 has substantially less than 
1/4 of the cross-sectional area of the main pipe loop 24 
It has been found that up to 1/8 of the total volumetric 
flow rate of liquid can be induced in the form of 
atmospheric air when operating the system at close to 
atmospheric pressure. For the above to be effective, it is 
important that the pressure loss across the nozzle bank 21, 
together with the system frictional resistance, does not 
exceed the hydrostatic head equivalent to the position of 
gas entry above the tank level. 

Fig. 2B is the same as Fig. 2A except that, in Fig 
2B, pipe 23 is omitted and the air admission is via pipe 25 
into the column at the nozzle level therein. This will work 
provided the residual frictional resistance in the pipeline 
25 and column do not exceed the hydrostatic head for the 
introduction of gas at this point. It Is important, 
however, that the gas pipe 25 for the introduction of air or 
gas by this aspiration method should be small relative to 
•the body of fluid at the point of introduction so that 
bubbling rather than gas pockets can be generated. The 
production of a gas pocket will lead to a significantly 
increased energy requirement for the pumping system and a 
dramatic loss of interfacial area. 
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Figure 3 illustrate an alternative to the 
positioning of pump 2 in Pigs. 1 and 2. Thus. Fig. 3 shows 
the top of column 4 with nozzle plate 21 disposed in the 
column. The column 4 has a neck 30 through which the 
liquid/solids feeds into the column. In this embodiment, 
air inlet 31 connects to a gas distribution pipe 32 disposed 
across the column above (or below) the nozzles. As drawn, 
the column is within the main reaction vessel (as in Fig. 
IB) and the liquid/solids level 22 in the tank is 

illustrated . 

Disposed in neck 30 is an axial flow impeller 7 
driven by shaft 34. This is instead of pump 2 (Fig. IB). 

This arrangement merely illustrates one possible 
alternative} there are others for promoting fluid flow 

around the loop. 

In many biochemical reactions involving gas/liquid 
and solids, it is necessary positively to control the 
temperature of the reaction mixture, and often this is 
difficult to achieve on a commercial scale. In accordance 
with a preferred feature of the present invention, however, 
the flow conditions in the loop offer excellent heat 
transfer conditions, and by the provision of heat transfer 
means (eg. external cooling jackets or internal heat 
exchanger, tubes, coils or the like) in the loop, 
temperature can be readily controlled either by adding or 
removing heat. Figures 4 and 5, in which like numerals 
indicate like parts, illustrate the use of an annular 
column. Referring to Fig. 4, the main reaction vessel 1 
contains the liquid/solids reaction mixture 10. Spaced 
internally of the outer wall 40 of vessel 1 is an internal 
• wall 41, the space between the walls 40 and 41 defining a 
chamber 42. Where tank 1 is circular, the chamber 42 Is 
annular. The internal wall 41 terminates above the bottom 
43 of vessel 1, to provide an outlet 44 from chamber 42 into 
the central region 45 of vessel 1. The wall 41 terminates 
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below the normal liquid/solids surface level 46 in vessel 1, 
to allow the reaction mixture to pass into the top of 
chamber 42. Air (or other gas) is supplied via line 48 to 
the top of chamber 42 (bj means previously described) and 
means are provided in chamber 42 to accelerate the reaction 
mixture downwards In the chamber 42. As illustrated, these 
means are restrictions or nozzles 47. In the central region 
45 of tank 1 is a high volume pump or stirrer 49. 

In operation, the pump 49 drives the liquid/solids 
reaction mixture upwardly in region 45 and into the top of 
the chamber 42 wherein it is accelerated downwardly and 
oxygenated (or contacted with another gas). The conditions 
in the chamber 42 are essentially the same as in the 
columns previously described, and thus the chamber 42 is 
considered to be a column. The treated reaction mixture 
flows radially inwardly through outlet 44 back into the 
central region 45 of vessel 1. The space between the inner 
and outer walls (41,40), i.e. the width of the chamber 42, 
is chosen so that the upward rise velocity for a swarm of 
bubbles is exceeded by the downward liquid velocity and is 
thus principally related to the pumping rate selected to 
achieve the mass transfer duty. 

Figure 5 is the same as Fig. 4 except that 
external pumps 50 are used with venturi augmenters to move 
higher volumes of liquid. Each pump 50 draws mixture from 
the bottom 43 of vessel 1 via pipe 51, and returns it via 
pipe 52 to venturi augmenters 53 within region 45 of vessel 
1. Although the pumps 50 as illustrated are outside the 
vessel 1, they may in an alternative arrangement be within 

the vessel 1. 

Figure 6 shows a bioreaction vessel 1 (only part 
shown) containing liquid/solids reaction mixture 10. The 
column 4 is located outside vessel 1. Liquid/solids mixture 
10 is withdrawn from the upper part of vessel 1 through an 
outlet 60 via a pump 61 and delivered through pipe 62 
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tangentially into the top of column 4. A small bleed of 
higher velocity flow mixture is passed through bleed pipe 63 
to enter vertically downwardly into the top column 4, on the 
axis thereof. Bleed pipe 63 can be closed by a valve 64. 
Two oxygen (or other gas) Introduction means are shown. The 
first is a tee or branch 65 in line 62 and the second a tee 
or branch 66 (with a valve 67) in bleed pipe 63. 

The upper part 68 of column 4 is of smaller 
diameter than the lower part 69. At the bottom of lower 
part 69 is an outlet pipe 70 for returning the treated 
mixture to the main reaction vessel 1. The lower part 69 of 
the column 4 contains oxygen-saturated liquor, and upon its 
return to vessel 1 the dissolved oxygen is consumed directly 
from solution by the biomass present in suspension and on 

the solids. 

The introduction of liquid/solids mixture 
tangentially into the column 4 imparts a swirling motion to 
the column contents at least in the upper part 68 thereof. 
A dense bubble phase or foam is established in the column 
dissolving oxygen directly into the liquid. Because of the 
swirling motion, bubble coalescence occurs. The oxygen is 
therefore used efficiently and the liquor leaving the column 
4 is saturated with oxygen. 

Figure 7 is a simplified top plan view of the 
column (omitting most of pipe 63). Like numerals to Fig. 6 
indicate like parts. 

The arrangement of Fig. 6 is especially useful 
when oxygen is used. When air is used instead, the liquid 
being circulated around the loop (vessel 1, pipes 60, 62, 
63, column 4, outlet 70) becomes saturated with nitrogen. 
In this case, nitrogen bubbles leave the bottom of the 
column and are swept into vessel 1. In these 
circumstances, certain modifications can advantageously be 
made in the arrangement of Fig. 6. Thus, the increased 
diameter of column lower part 69 over upper part 68, which 
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serves to prevent bubbles leaving column 4 in the arrange- 
ment of Fig. 6, is no longer of benefit and a parallel sided 
column 80 can be used instead (Fig. 8). Further, in vessel 
1, a baffle 81 is preferably provided to prevent unwanted 
nitrogen bubbles from circulating. 

Also, air is preferably supplied into bleed pipe 
63 along line 66 from a compressor 82. These changes are 
shown in Fig. 8, where like numerals to Fig. 6 illustrate 
like parts. 

Figures 9 and 10 illustrate the use of columns 
formed within the main reaction vessel. Referring to these 
Figures, the main vessel 90 contains liquid/solids reaction 
mixture 91. There are four columns 92,93.94,95 each formed 
by a respective wall 96 spaced internally from, and parallel 
to the outer wall 97 of the vessel 90. and Joined to the 
outer wall 97 at each end. Unlike in Figure 4. the wall 96 
is not continuous so that instead of having a single annular 
column, four separate columns are formed. Each wall 96 
terminates above the bottom 98 of vessel 90 to provide an 
outlet 99 from each column 92.93.94.95 into the central 
region 100 of vessel 90. The top of each wall 96 is below 
the liquid level so that liquid/solids mixture can flow into 
the top of each column. An air supply is provided to the 
top of each column from an individual or common plenum 101 
and respective downpipes 102. At the end of each of these 
is a low pressure drop perforated plate (suitably of 
stainless steel, plastic or ceramic material) to assist in 
bubble dispersion so that the bubbles generated are 
distributed evenly along the circumference of the contact 
zone and are swept downward by the entry velocity of slurry 

•at this injection point. 

In each column, in the lower region thereof, is a 
perforated distributor or nozzle 103 which can alternatively 
be in the position 104. In the central region 100 of tank 
90 is an agitator 105 driven by a motor 106. The agitator 
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can be driven in either direction to create (alternatively) 
up flow (arrows 107) or downflow (arrows 108). Each column 
has a downcomer region 109 and an intense contact zone 110. 

The arrangement of Figures 9 and 10 shows a 
segmented annulus providing four separate columns. In the 
same way* any number of columns can be provided. These 
various columns can be operated independently » eg with 
independent pumps, which can improve the turndown capability 
and redundancy in the event of pump maintenance requirement. 
During normal operation or addition of heat at startup, the 
velocity in the downcomer zone, usually being in the region 
of 2 m/sec, is sufficiently high to ensure a good heat 
transfer coefficient through the wall of the tank so that 
external heat transfer surfaces for cooling or an irrigated 
wall arrangement can be used for removing heat from the 
total biomass effectively. 

The mixing pattern provided by the central 
agitator (105) is to suspend all the solids at startup and 
to assist the overall flow pattern when the contacting zones 
are brought into operation. This may then be operated at 
reduced power requirement. Choice of an upflow or downflow 
circulation pattern is largely a function of the type of 
agitator selected and its pumping characteristics, in 
particular, its ability to assist in some radial dispersion 
of bubbles within the tank. This latter mechanism can 
prolong the residence time of these bubbles and therefore 
assist in the overall mass transfer occurring in the vessel 
90. 

In order that the invention may be more fully 
understood, the following Example is given by way of 
illustration only. 

Example 

An example of a process of the present invention 
is here compared with a process in a conventional design of 
bioreactor, for a mineral leaching operation. 
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The conventional bioreactor comprises a tank 10 
meters in diameter, 12.5 meters operating depth, and 
contains a slurry of 25% w/w solids content. The solids 
contain 1.5% sulfide ore as pyrite (FeS2) which itself has 
an entrapped gold content. The aim is to digest the sulfide 
ore in a series of stages to liberate the gold using a 
bacterium, thiobacillus f erro-oxidans, according to the 
overall reaction: 

4FeS2 + 2H20 + 1502 — > 2Fe2(S04)3 + 2H2SO4 

In the first tank or bioreactor of a series to convert 25% 
of the sulfide, approximately 160 kg/h of oxygen must be 
absorbed into solution. Air must be supplied at the rate of 
3400 kg/h, i.e. roughly five times the theoretical oxygen 
requirement, to achieve this duty. This corresponds to only 
20% efficiency of oxygen transfer. Furthermore, the 
compression energy required for the air to introduce the gas 
at a back pressure equivalent to 12.5 m of slurry is 130 kW 

In addition, a further 15 kW are required to 
maintain adequate mixing in the tank. By contrast, according 
to the present invention, the same amount of oxygen may be 
transferred in a pumped loop carrying 4.4 m^/s of slurry, 
aspirating 1380 kg/h of air for a total power requirement of 
only 89 kW. Furthermore, the tank itself can .be considered 
adequately mixed and the solids suspended due to this return 
flow. The columns in the pumped loops comprise vessels of 
dimensions 2 m diameter by 2.5 m long and incorporate an 
orifice plate 8, as shown in Figure 3, having provision for 
•a number of nozzles each operated at a design flow velocity 
of 3.5 m/s. The velocity in the body of each column is 0.35 
m/s. At the operating pressure, a change in dissolved 
oxygen from inlet to outlet of 9 to 10 ppm (mg/1) can be 
achieved. 
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For processing 20 tonnes of refractory gold ore 
per hour (dry solids basis), four tanks of identical size 
are used, each noninally 1000 m3. Each tank provides 15 
hours of residence time, and therefore the total reaction 
residence time is 60 hours. As the reaction proceeds, the 
iron concentration n solution increases according to the 
typical 'S' curve developed from laboratory batch tests. 
Each stage of the reaction sequence at full scale has a 
different dissolved iron concentration design point ranging 
from approximately 1.3 to 5.0 g/1. Overall about 90 percent 
of the pyritic iron (combined as sulfide) is converted 
through to ferric sulfate, and the gold recovery in the 
subsequent cyanide leaching is in the 95 to 100 percent 
range. 

In order to maintain optimum temperature, it is 
necessary to have sufficient heat exchange surface area and 
coolant availability. Heat generation for the above 
situation is theoretically 6 6J/h (although not all of this 
is manifest in practice) which cannot be dissipated 
naturally. Heat exchange directly from the the pumped loops 
to water jackets is an efficient solution to the problem. 
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CLAIMS ; 

1. A method of effecting a bioreaction which 
comprises gasifying a liquid/solids mixture containing a 
micro-organism to enable the bioreaction to proceed, which 
comprises placing the said mixture in a reaction vessel and 
circulating the mixture around a loop, the loop 
including a column in which gas transfer is effected, at 
least the liquid being introduced into the top of the column 
in the form of at least one stream, the velocity of which 
streamCs) is sufficient to generate and maintain at least in 
an upper region of the column, a substantially continuous 
foam formed of close-packed bubbles of the gas in the liquid 
extending across the entire cross-section of the column, 
driven to violent agitation and backmixing by the incoming 
stream(s) of liquid, and of relatively uniform bubble size, 
the velocity of the inlet stream(s) of liquid and the rate 
of introduction of the gas being sufficient to prevent gas 
accumulating at the top of the column. 

2. A method according to claim 1, wherein the mass of 
liquids/solids and gas in the column is rotated in the 
column substantially around the central vertical axis of the 
column with a superimposed vertical circulating movement, 
the net flow of liquids and solids being downward through 
the column. 

3. A method according to claim 1 or 2, wherein oxygen 
or an oxygen-containing gas is used. 

4. A method according to claim 3, wherein the solids 
comprise a sulf ide-containing ore which includes one or more 
of the metals Au, Ag, As, Pt, Pd, Rh, Co, Cu, Fe, Mn, Ni, Zn 
or Pb, and wherein the method is operated to recover or 
liberate one or more of said metals. 
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5. A method according to claim 4, wherein the mixture 
contains the micro-organism Thiobacillus ferro-oxidans and, 
optionally, one or more other micro-organisms In a mixed 
culture. 

6. A method according to claim A or 5. wherein the 
ore is iron pyrite, arseno-pyrite or another combined 
sulfide. 

7. A method according to claim 1 or 2, wherein the 
solids comprise a carbonaceous material such as coal, and 
wherein the sulfur content of the said material is reduced 
by the method. 

8. A method according to any of claims 3 to 7, 
wherein the dissolved oxygen level in the reaction vessel 
can be as low as 0.5 to 0.6 mg/1. 

9. A method according to claim 8, wherein the driving 
force through the loop is about 0.6 mg/1 at the entry to the 
column and about 10 mg/1 at discharge from the column. 

10. A method according to any of claims 3 to 9, 
wherein the liquid discharging from the column is at least 
near-saturated with dissolved oxygen. 

11. A method according to claim 10, wherein the liquid 
discharging from the column is supersaturated with dissolved 
oxygen relative to the tank contents by operation at a 

. higher pressure in the column than in the tank. 

12. A method according to any of claims 3 to 11, 
wherein the liquid/solids mixture has a pulp density of from 
0.1 to 50%(w/w) and wherein the said gas comprises air. 
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13. A method according to claim 12, wherein the 
liquid/solids mixture has a pulp density in the region of 
30% w/w and wherein the said gas is suhstantiallj pure 
oxygen or oxygen-enriched air. 

14. A method according to claim 1 or 2, wherein the 
bioreaction is anaerobic and a non-oxygen-containing gas is 
used. 

15. A method according to claim 14, wherein a non- 
oxygen-containing gas is used to strip out any dissolved 
oxygen in the mixture. 

16. A method according to any of claims 1 to 15, 
whlrein the nutrients and/or inoculant are added to the 
mixture by introduction directly into the column. 

17. A method according to any of claims 1 to 16, 
wherein the biomass requires carbon dioxide for respiration 
and carbon dioxide is introduced directly into the column. 

18. A method according to any of claims 1 to 17, 
wherein the mixture is pumped around the loop, and the 
circulation is used to stir the mixture in the vessel. 

19. A method according to any of claims 1 to 18, 
wherein the gas is introduced into the liquid/solids mixture 
at a point where the hydrostatic pressure is less than 
atmospheric. 

20. Apparatus for effecting a bioreaction by gasifying 
a liquid/solids mixture by the method of claim 1, which 
comprises a reaction vessel for receiving the liquid/solids 
mixture; at least one reaction loop through which the 
mixture can be circulated, the loop including at least one 
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column; means for introducing at least said liquid into the 
top of the column in the form of at least one streamt means 
for introducing gas into the column, the said liquid and gas 
introducing means being such as to cause creation and 
maintenance of the conditions specified in claim 1, 

21. Apparatus according to claim 20, wherein the or at 
least one said column is located outside said reaction 
vessel. 

22. Apparatus according to claim 20, wherein the or at , 
least one said column is located within said reaction 
vessel. 

23. Apparatus according to claim 22, wherein the or at 
least one said column is formed adjacent an inner wall of 
the said vessel. 
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